The development of neuronal circuits is controlled by guidance molecules that are hypothesized to interact with the cholesterol-enriched domains of the plasma membrane termed lipid rafts. Whether such domains enable local intracellular signalling at the submicrometre scale in developing neurons and are required for shaping the nervous system connectivity in vivo remains controversial. Here, we report a role for lipid rafts in generating domains of local cAMP signalling in axonal growth cones downstream of ephrin-A repulsive guidance cues. Ephrin-A-dependent retraction of retinal ganglion cell axons involves cAMP signalling restricted to the vicinity of lipid rafts and is independent of cAMP modulation outside of this microdomain. cAMP modulation near lipid rafts controls the pruning of ectopic axonal branches of retinal ganglion cells in vivo, a process requiring intact ephrin-A signalling. Together, our findings indicate that lipid rafts structure the subcellular organization of intracellular cAMP signalling shaping axonal arbors during the nervous system development.
T he development of neuronal connectivity requires appropriate signalling downstream of axon guidance molecules to orient axonal growth towards appropriate synaptic partners and to prune ectopic axonal branches present in initially exuberant projection maps 1 . A subset of molecular guidance cues including Netrin-1 and Semaphorin-3A requires lipid rafts to attract or repel axons in vitro 2, 3 . Lipid rafts are highly ordered and dynamic microdomains of the plasma membrane that are enriched in cholesterol, sphingolipids and gangliosides, and are crucial for a wide range of signalling pathways 4 . Since the formulation of the concept of lipid rafts as a membrane compartment with specific protein composition, neurons have provided several examples of raft-dependent signalling pathways in vitro 5 including the modulation of axon turning and outgrowth induced by attractive or repulsive cues 2, 6 . However, defects in neuronal connectivity or behavioural phenotypes suggesting a general perturbation of axon pathfinding have not been reported in animal models lacking structural components of a subset of lipid rafts including caveolins and flotillins [7] [8] [9] [10] , challenging the potential involvement of lipid rafts in the development of neuronal connectivity.
In cultured cell lines, subtypes of adenylyl cyclases (ACs) are differentially targeted to or excluded from lipid rafts 11 . ACs synthesize the ubiquitous second messenger cyclic AMP (cAMP), and their subcellular localization creates microdomains of this cyclic nucleotide in non-neuronal cells 12, 13 . cAMP is crucial for axonal response to a large set of guidance molecules including Netrin-1, Semaphorin-3A and ephrin-A5 (refs [14] [15] [16] . This ubiquitous second messenger is also involved in a wide range of other cellular processes including neuronal survival, differentiation and migration. Subcellular restriction of cAMP signals might explain how this ubiquitous second messenger achieves specificity for a variety of downstream signalling pathways 17 . In neurons, morphologically-defined compartments of cAMP signalling have been detected in vitro, with distinct interactions between cAMP-and calcium-mediated signalling in filopodia and the centre of the growth cones 18, 19 . However, the biochemical identity of cAMP domains has not been identified.
Although several members of the AC family are expressed in sensory systems, only AC1 appears to be involved in the development of neuronal connectivity 20 . AC1 is crucial for the refinement of sensory axon arbors in the visual and somatosensory system 21, 22 . Other ACs expressed in retinal ganglion cells (RGCs) and their targets are dispensable for the development of retinal projections 23 , indicating limited functional redundancy between members of the AC family and suggesting that they generate distinct cAMP signals. However, the spatiotemporal features of the signals involved in the development of neural connectivity are poorly understood. Since AC1 is targeted to lipid rafts in cell lines 24 , this plasma membrane microdomain is a potential candidate to confine cAMP signalling required for the development of neuronal connectivity.
Here, we provide direct evidence that lipid rafts are crucial for the development of RGC axon connectivity in vivo, and define (a) AC1 fused to GFP and overexpressed in the developing retina is detected in fractions 3 and 4 after sucrose-density gradient fractionation of the plasma membrane. This coincides with the location of the lipid raft markers Caveolin-1 (Cav, enriched in fractions 3 and 4) and cholera toxin (CtB), a lipid raft marker that binds ganglioside M1, other gangliosides, and raft-targeted glycoproteins (enriched in fractions 3 and 4). AC1 is excluded from the fractions enriched in b-Adaptin (7-9), a marker of the non-raft fraction of the membrane. (b) Proportion of Caveolin, AC1, b-Adaptin and CtB expression found in each biochemical fraction. For each marker detected, the optical density (OD) of the bands in each fraction is quantified and normalized to the sum of the OD in all fractions. The proportion of the signal found in each fraction is shown. Each biochemical fraction is colour-coded. Red tones code for the low-density Caveolin-and CtB-enriched fractions (3) (4) (5) , whereas green tones denote the high-density b-Adaptin-enriched fractions (7) (8) (9) . Cav, Adaptin, AC1, CtB n ¼ 3 independent experiments. (c) Overexpressing AC1 fused to GFP (green) in retinal neurons co-electroporated with mCherry (cytoplasmic localization, red) does not affect AC1 plasma membrane targeting. Scale bar, 10 mm. n ¼ 3 experiments from independent cultures. (d) Altering lipid rafts integrity with SMase does not affect the morphology of growing RGC axons. Ephrin-A5 induces a collapse of RGC growth cones in vitro and a subsequent axonal retraction leaving a long trailing process (encompassed by the two arrowheads). SMase does not affect the collapse of the growth cone but reduces axon retraction measured as the length of the trailing process (between the two arrowheads). Scale bar, 10 mm. nZ360 axons per condition (ctrl n ¼ 600, SMase n ¼ 360) from three independent cultures. Data are mean ± s.e.m. ***Pr0.001, Mann-Whitney test. Uncropped gels are provided in Supplementary Fig. 8 .
microdomains of cAMP signalling in the growth cone of RGCs. We found that ephrin-As, a set of axon guidance molecules, required for the development of retinal topography 25 , induce a lipid raft-specific reduction in cAMP concentration in RGC growth cones. Lipid raft-specific cAMP signals are required for both ephrin-A-induced axon retraction in vitro and pruning of RGC arbors in the superior colliculus (SC) in vivo. These results indicate that lipid raft-segregated cAMP signals are functionally relevant in developing neurons and are required for shaping the precise connectivity of the nervous system.
Results
Ephrin-A-induced axonal retraction requires lipid rafts. To evaluate whether lipid rafts define a potential compartment of RGCs from which cAMP signalling originates, we analyzed the subcellular targeting of AC1, the AC required for the development of retinal projections. We identified the subcellular localization of AC1 in mouse E13.5 retina electroporated using a green fluorescent protein (GFP)-tagged version of AC1. GFP fusion did not affect the targeting of AC1 to the plasma membrane (Fig. 1c) . Sucrose-density gradient fractionation was used to biochemically isolate high-and low-density fractions of the plasma membrane prepared from retina. AC1 was found highly enriched in low-density fractions labelled by Caveolin-1, a protein of lipid rafts, and by Cholera toxin b subunit (CtB), a marker binding gangliosides 26 and glycoproteins 27 , which are both components of lipid rafts (Fig. 1a,b ). This suggests that this subcellular compartment contains the AC1-dependent cAMP signals that regulate ephrin-A-induced axonal retraction and RGC axon connectivity. To determine whether lipid rafts are required for axonal response to ephrin-As, cultured retinal explants in which lipid raft integrity was altered using sphingomyelinase (SMase) were exposed to ephrin-A5. SMase specifically hydrolyzes The strategy used to monitor cAMP signals in the vicinity of the raft or non-raft domains of the plasma membrane is schematized in a. The cAMP-sensitive FRET sensor H147 is fused to either a tandem of two Lyn sequences in 5 0 or to a Kras sequence in 3 0 to confine the probe inside or outside lipid rafts, respectively and monitor local cAMP signals. (b) Electroporation of Lyn-H147 or H147-Kras in retinal explants (right panels) or co-transfection of each FRET probe (yellow) with mCherry (red) in HEK293 cells (left panels) leads to a plasma membrane-restricted expression of both sensors. Scale bar, 10 mm. n ¼ 3 independent cultures (HEK293) or three retinas. (c) Lyn-H147 is enriched in the biochemically-isolated fractions enriched in the lipid raft marker Caveolin-1 (fractions 3 and 4), whereas H147-Kras is mostly found in the fractions enriched in the lipid raft-excluded marker b-Adaptin (fractions 7-9). (d) Proportion of Caveolin, Lyn-H147, b-Adaptin and H147-Kras expression found in each biochemical fraction. Each biochemical fraction is colour-coded. Red tones code for the low-density fractions (3) (4) (5) , whereas green tones denote the high-density fractions (7) (8) (9) . Cav, Adaptin, Lyn-H147, H147-Kras n ¼ 3 independent experiments. (e) Pharmacological increase of cAMP after Fsk and IBMX exposure leads to an increase of the CFP/FRET ratio detected by the Lyn-H147 sensor (lipid raft-targeted) in RGC growth cones. The CFP/FRET ratio is not affected by sham stimulation (n ¼ 14 growth cones from four independent cultures). The CFP/FRET ratio is colour-coded from blue (low ratio, low cAMP concentration) to red (high ratio, high cAMP concentration). (f) Fsk and IBMX induce an increase of the CFP/FRET ratio of the lipid raft-excluded cAMP sensor H147-Kras, whereas sham stimulation does not (n ¼ 9 growth cones from three independent cultures). CFP/FRET ratio is coded as in e. Data are mean±s.e.m. (e,f) Scale bar, 10 mm. Uncropped gels are provided in Supplementary Fig. 8 .
sphingomyelins, one of the main components of lipid rafts together with cholesterol, resulting in the removal of cholesterol and associated proteins from the plasma membrane 28 . Although the amount of sphingomyelin degraded by SMase was not assessed, we verified that treating retinal explants with SMase prevented the enrichment of the lipid raft marker CtB in low-density fractions ( Supplementary Fig. 1 ). The general reduction of CtB labelling ( Supplementary Fig. 1 ) was expected since SMase treatment results in the removal of lipid rafts components from the plasma membrane 28 . These observations confirm that SMase modifies the structure of the lipid rafts. SMase alone did not perturb the morphology of RGC growth cones (Fig. 1d) . On ephrin-A application, untreated axons collapsed and retracted leaving a long single trailing process. In contrast, SMase-treated axons collapsed but the length of the retraction process was reduced (Fig. 1d) , mimicking the phenotype of AC1 À / À axons 15 . SMase treatment produces ceramide, a lipid that might in turn activate signalling pathways potentially interfering with axon retraction. To rule out this possibility, we perturbed lipid raft integrity by cholesterol oxidation with cholesterol oxidase (COx), a treatment that does not produce ceramide. COx drastically reduced the enrichment of CtB in low-density fractions prepared from retinal explants, confirming that this treatment disrupts the structure of lipid rafts ( Supplementary Fig. 1 ). COx-treated axons collapsed when exposed to ephrin-A5, but the length of their retraction process was reduced, mimicking the effect of SMase ( Supplementary Fig. 2 ). This indicates that SMase metabolites, including ceramide, are not responsible for the reduced retraction process. This was confirmed by exposing retinal axons to ceramide before ephrin-A5-induced axonal retraction. This treatment did not affect the length of the trailing process observed after retraction ( Supplementary Fig. 2 ). These observations demonstrate that lipid rafts contain AC1, the cAMP synthesizing enzyme required for ephrin-A5-induced repulsion of RGC growth cones, and are involved in axon retraction in response to this axon guidance molecule.
Ephrin-A5 induces a reduction in cAMP near lipid rafts. To evaluate whether lipid rafts compartmentalize cAMP signals in axonal growth cones, we monitored cAMP concentration in and outside lipid raft submembrane domain. An existing cAMP FRET sensor, H147 (ref. 29) , was targeted to each compartment to analyze local cAMP modulation. Targeting lipid rafts was achieved using the 5 0 insertion of two palmitoylationmyristoylation tandems derived from Lyn kinase 13 (Fig. 2a) . H147 was targeted to the plasma membrane and excluded from lipid rafts by a 3 0 fusion to a CaaX sequence along with a polylysine motif derived from K-Ras 13 (Fig. 2a) . The lipid rafttargeted (Lyn-H147) and excluded (H147-Kras) sensors were found at the plasma membrane in transfected HEK293 cells and in electroporated retinas (Fig. 2b) , and their specific subcellular localization was validated using membrane fractionation with a sucrose-density gradient. Lyn-H147 was found in the same membrane fractions as Caveolin-1 (Fig. 2c,d ). In contrast, H147-Kras was highly enriched in the biochemical fractions of the plasma membrane containing the lipid raft-excluded protein b-Adaptin (Fig. 2c,d) . Expression of either Lyn-H147 or H147-Kras did not affect growth cone morphology ( Supplementary Fig. 3 ). Both sensors were able to detect cAMP variations in axonal growth cones after exposure to the AC activator Forskolin (Fsk) combined with the non-specific phosphodiesterase inhibitor IBMX. The computed CFP/FRET ratio, reflecting the cAMP concentration, did not change significantly after sham stimulation (Fig. 2e,f) .
These subcellularly targeted FRET sensors were electroporated in retinal explants, and cAMP concentration was monitored in growth cones exposed to ephrin-A5. This repellent guidance cue induced a reduction in the CFP/FRET ratio of Lyn-H147-expressing growth cones (Fig. 3a) , revealing a decrease in cAMP near lipid rafts. This reduction in cAMP concentration was absent after sham stimulation (Fig. 2e) . cAMP concentration reached a plateau 8 min after stimulation (Fig. 3a) . In contrast, the cAMP concentration monitored by H147-Kras next to the non-raft fraction of the plasma membrane was not affected by ephrin-A5 (Fig. 3b) . This indicates that ephrin-A5 modulates cAMP concentration specifically in the submembrane region adjacent to lipid rafts and does not affect the concentration of this cyclic nucleotide next to other membrane compartments.
Axonal retraction requires cAMP signalling near lipid rafts. The existence of distinct local cAMP signals suggested a differential role of cAMP signalling in the submembrane space proximal and distal from lipid rafts during ephrin-A-stimulated axon retraction. To further investigate the cellular signalling dependent on lipid rafts, a genetically-encoded chelator of cAMP termed 'cAMP sponge' 30 was targeted to or outside lipid rafts, enabling local perturbation of cAMP downstream signalling. cAMP sponge subcellular localization was performed using the same targeting sequences as for the FRET sensor H147: tandem of two Lyn sequences in 5 0 for lipid rafts and a Kras sequence for the non-raft compartment (Fig. 4a ). Both local cAMP signalling inhibitors were targeted to the plasma membrane (Fig. 4b) . Appropriate subcellular localization of Lyn-cAMP sponge and cAMP sponge-Kras was verified biochemically. Lyn-cAMP sponge was highly enriched in the same membrane fractions as the lipid raft marker Caveolin-1, whereas cAMP sponge-Kras was mainly excluded from this compartment and was detected in fractions containing the non-raft marker b-Adaptin (Fig. 4c,d ). Lyn-cAMP sponge and Lyn-H147 or cAMP sponge-Kras and H147-Kras were co-electroporated in retinal explants. The expression of each targeted cAMP sponge was sufficient to reduce the increase of cAMP concentration induced by Fsk and IBMX confirming their ability to interfere with cAMP signalling ( Supplementary Fig. 4 ). Both Lyn-cAMP sponge and cAMP sponge-Kras were fused to a red fluorescent protein (mCherry and mRFP, respectively). However, limited brightness prevented the direct identification of Lyn-cAMP sponge in living RGC axons. To overcome this limitation, GFP was co-electroporated with an excess of either Lyn-cAMP sponge or cAMP sponge-Kras in E13.5 retinas ex vivo. All GFP-expressing axons were positive for Lyn-cAMP sponge after mCherry-immunostaining ( Supplementary Fig. 5 ). Growing axons expressing either the raft-targeted or the raft-excluded blocker of cAMP signalling were monitored during exposure to ephrin-A5. Axons with unaffected cAMP signalling collapsed and retracted after superfusion of ephrin-A5-containing medium ( Fig. 5a ; Supplementary Movie 1). cAMP buffering near lipid rafts by Lyn-cAMP sponge did not affect growth cone collapse, but subsequent axon retraction was slowed ( Fig. 5b ,e; Supplementary Movie 1), mimicking the phenotype of AC1 À / À RGCs 15 . In contrast, the blockade of cAMP signalling next to the non-raft fraction of the plasma membrane had no effect on the retraction rate of RGC axons exposed to ephrin-A5 ( Fig. 5c ,e; Supplementary Movie 1). Retracting axons expressing a variant of Lyn-cAMP sponge unable to bind and buffer cAMP 30 were not distinguishable from GFP-expressing axons ( cAMP signals near lipid rafts suffice for axon retraction. Since ephrin-A5 elicits a reduction in cAMP concentration in the vicinity of lipid rafts, we investigated whether a cAMP reduction restricted to this subcellular domain is sufficient to induce axon retraction. To examine the effects of a drop in cAMP, we controlled cAMP synthesis using the light-sensitive AC bPAC 31 . cAMP level was artificially elevated by a sustained light activation of bPAC. Removing light activation causes a reduction of cAMP resulting from the activity of phosphodiesterases. This biphasic phosphodiesterase-dependent response has been reported using bPAC and a similar photoactivatable AC in Xenopus oocytes, HEK293 cells and hippocampal neurons 31, 32 . bPAC was tagged with mRFP and targeted to or excluded from lipid rafts with a tandem of two Lyn sequences (Lyn-bPAC) or a Kras motif (bPAC-Kras), respectively (Fig. 6a) . The subcellular restriction of Lyn-bPAC and bPAC-Kras was confirmed using plasma membrane fractionation (Fig. 6b) , and targeted bPACs were electroporated in embryonic retinas ex vivo. Overall, 1-5 flashes of 470 nm light were sufficient to induce an increase of cAMP concentration followed by the hydrolysis of this cyclic nucleotide, The genetically-encoded cAMP blocker 'cAMP sponge' is fused to either a tandem of two Lyn sequences in 5 0 or a Kras sequence in 3 0 to target the blocker to lipid rafts or exclude it from this plasma membrane compartment, respectively. (b) Lyn-cAMP sponge and cAMP sponge-Kras are both restricted to the plasma membrane in developing retinal neurons (right panels) or when cotransfected with GFP (green) in HEK293 cells (left panels). Scale bar, 10 mm. n ¼ 3 independent cultures (HEK293) or three retina. (c) Lyn-H147 is enriched in the biochemically-isolated fractions enriched in the lipid raft marker Caveolin (3 and 4), whereas H147-Kras is mostly found in the compartment enriched in the non-raft marker b-Adaptin (fractions 7-9). (d) The proportion of the signal found in each biochemical fraction is shown. The identity of each fraction is colour-coded. Red tones code for low-density fractions (3-5), whereas green tones denote high-density fractions (7) (8) (9) . Cav, Adaptin, Lyn-cAMP sponge, cAMP sponge-Kras n ¼ 3 independent experiments. Uncropped gels are provided in Supplementary Fig. 8 . Fig. 6 ). RGC axons expressing either LynbPAC or bPAC-Kras and exposed to 1-5 flashes of 470/40 nm light were monitored. Axons were unaffected by the onset of light activation ( Fig. 6c-h ). Interrupting light activation of Lyn-bPAC induced axon stalling or retraction in 77% of the cases, whereas Lyn-bPAC-expressing axons were unaffected in absence of light exposure (Fig. 6d ,f,g; Supplementary Movie 2). All lightresponsive Lyn-bPAC-expressing axons stalled or retracted later than the end of the light stimulus (Fig. 6h) , suggesting that axon retraction is induced by the reduction in cAMP concentration and not by the increase of the concentration following the onset of Lyn-bPAC stimulation. The onset of cAMP reduction following the release of Lyn-bPAC stimulation was variable ( Supplementary Fig. 6e ), reflecting the variability of the onset of axon retraction. Non-electroporated axons and axons expressing bPAC-Kras were unaffected by the release of light exposure (Fig. 6c ,e,g; Supplementary Movie 2). Taken together, these experiments suggest that a dynamic and lipid raft-restricted reduction in cAMP concentration is sufficient to mimic the ephrin-A-induced retraction of RGC axons. This confirms previous reports describing the requirement of a dynamic cAMP regulation for axon pathfinding 18, 33 .
RGC axon pruning requires cAMP signalling near lipid rafts. During the development of retinal projections, retinal axons initially overshoot their final termination zone and extend in the most caudal part of the SC. The subsequent refinement of axonal arbors and the retraction of their caudal branches is dependent on ephrin-As 25 . To evaluate whether the local cAMP signals required for ephrin-A in vitro are involved in shaping retinal arbors in vivo, we investigated the impact of local cAMP signalling perturbation in the submembrane domain of lipid rafts during the development of retinal projections in the SC. Lyn-cAMP sponge or cAMP sponge-Kras were co-electroporated with GFP in E15.5 retinas in utero, and the SC and retinas of electroporated animals were harvested at P10. Individual RGC axon arbors in the SC were imaged using a confocal microscope and manually reconstructed (Supplementary Movie 3) . E15.5 electroporation enables sparse expression of the constructs of interest enabling tracking and reconstruction of single RGC axons in the SC. Electroporated RGCs reside in the centre of the retina and their projections were largely located in the middle of the SC along the rostro-caudal axis.
Axons of GFP-electroporated RGCs are generally refined: they retract from the caudal SC to target a focal termination zone in the middle of the rostro-caudal axis. They elaborate a dense terminal arbor without ectopic branches along the axon shaft (Fig. 7a,b,g ). Projections co-expressing GFP and Lyn-cAMP sponge exhibit a dense terminal arbor but fail to eliminate ectopic branches. The remaining exuberant branches are located along the shaft of the axon and branches could be found caudally to the termination zone (Fig. 7e-g ). This defect is reminiscent of the phenotype of AC1-deficient RGC axon arbors ex vivo and in vivo 15, 34 . In contrast, altering cAMP signalling in the vicinity of the non-raft fraction of the plasma membrane (with cAMP sponge-Kras) or using a variant of cAMP sponge unable to bind cAMP (Lyn-mutated cAMP sponge) targeted to lipid rafts did not affect the development of RGC axon arbors in the SC (Fig. 7c,d,g ). In both cases the terminal arborization developed normally and no ectopic branches were detected. The absence of exuberant arbors in Lyn-mutated cAMP sponge-electroporated axons indicates that overexpression of a lipid raft-targeted protein without cAMP buffering capacity is not sufficient to alter the development of RGC axon arborizations. This demonstrates that cAMP signalling in the vicinity of lipid rafts but not outside this submembrane compartment is required for the refinement of retinal projections in vivo.
Since cAMP is an important regulator of RGC axon outgrowth 35 , we examined whether Lyn-cAMP sponge expression affects the retino-collicular pathway before the refinement of the projections. Lyn-cAMP sponge and GFP-electroporated RGC axons were not distinguishable in the SC at P2 before the to target the blocker to lipid rafts or exclude it from this plasma membrane compartment, respectively. Blue light induces a local increase of cAMP followed by a reduction of its concentration after the release of light stimulation ( Supplementary Fig. 6 ). (b) Lyn-bPAC is highly enriched in fractions 3-5 together with the lipid raft marker Caveolin. The proportions of Lyn-bPAC and Caveolin-1 in each biochemical fraction are shown. Each biochemical fraction is colour-coded. Red tones code for the low-density fractions (3-5), whereas green tones denote the high-density b-Adaptin-enriched fractions (7-9). Cav n ¼ 6 independent experiments; Adaptin, Lyn-bPAC, bPAC-Kras n ¼ 3 independent experiments. Blue light does not affect outgrowth of (c) wild-type or (e) bPAC-Kras-expressing axons. elimination of ectopic branches. In both conditions, immature RGC axons extended to the caudal end of the SC (Fig. 7h,i) , suggesting that axon outgrowth and early development of the retinal pathway are not affected. Taken together our data establish the functional specificity of distinct subcellular cAMP compartments during the development of neuronal connectivity and demonstrate that lipid raft-restricted signals are required for the refinement of axonal wiring in vivo.
Discussion
Our experiments identify the cAMP signals that regulate RGC growth cone response to the ephrin-A repellents. We demonstrate that a local reduction in cAMP concentration restricted to the vicinity of lipid rafts is required for the RGC axon retraction in vitro and for axonal arbor refinement in vivo. This describes the biochemical identity of submicrometre-scale compartments of cAMP signalling, that may match previously described and morphologically-defined subcellular structures with distinct cAMP signals in developing neurons 18, 19 . Lipid rafts are involved in axon turning dependent on other guidance molecules including netrin-1 and semaphorin-3A 2,3 in vitro, and ephrin-A reverse signalling induces a local Src-dependent phosphorylation restricted to this microdomain 36, 37 . We extend the role of lipid rafts in axon guidance to ephrin-A forward signalling. This is consistent with the differential structure of EphAs in and outside lipid rafts. Oligomerization of EphAs is required to trigger ephrin-A downstream signalling and occurs preferentially in lipid Examples of reconstruction of electroporated RGC arbors at P10 in the SC are shown for each condition. The extent of the terminal arborization (arrowhead in a) is identified as a grey area delineated with a black contour. The rostral limit of the SC corresponds to the bottom of each trace. GFP-electroporated axons exhibit a dense terminal zone and an absence of branch tip outside the termination zone. In contrast, exuberant branches are detected in Lyn-cAMP sponge-expressing axons (arrowheads in e,f). These branches do not terminate in the dense termination zone. cAMP sponge-Kras and Lyn-mutated cAMP sponge-expressing axons were not distinguishable from GFP-expressing arbors, with an absence of branch tips outside of the dense termination zone. The insets in a,e highlight distinct confocal sections of the image and enable the distinction between axon crossing (a) and branching (e). (g) Number of axons without a termination zone and with or without ectopic branches. GFP, n ¼ 26 from nine animals; Lyn-cAMP sponge, n ¼ 30 from eight animals; cAMP sponge-Kras, n ¼ 25 from three animals; Lyn-mutated cAMP sponge, n ¼ 22 from three animals. ***Pr0.001, w 2 test. Reconstruction of (h) GFP or (i) Lyn-cAMP sponge-electroporated axons at P2. In both cases axons were poorly branched. Scale bar in a 100 mm, in inset 20 mm; applies for e. Scale bar in f 300 mm; applies for b-d. Scale bar in i 300 mm; applies for h.
rafts 38 where AC1 and the cAMP signals required for axon retraction are located.
In the mature nervous system, lipid rafts are crucial for the regeneration of injured axons in vivo 39, 40 . In contrast, alteration in the development of neuronal connectivity or behavioural phenotypes suggesting a general perturbation of axon pathfinding have not been reported in animal models lacking protein scaffolds required for lipid raft formation including caveolins and flotillins [7] [8] [9] [10] . This is surprising given that the integrity of the lipid raft compartment is required for the response of axons to a subset of guidance molecules in vitro 2, 3 . We provide evidence that altering cAMP signalling specifically in the vicinity of lipid rafts in vivo prevents the refinement of RGC axon arbors, identifying a role of this membrane compartment during the development of the nervous system and reconciling in vitro data with in vivo observations. Future studies might reveal subtle connectivity defects in caveolin or flotillin-deficient mice. These animal models may also have an unaffected neural connectivity because of the heterogeneity of lipid rafts that do not all require a caveolin or flotillin scaffold 41 . The lipid raft subtypes required for axon guidance may not be dependent on these two families of scaffolding proteins.
Since cAMP is a second messenger involved in the regulation of a wide range of axon guidance molecules 14, [42] [43] [44] , its local signalling in the vicinity of lipid rafts may reflect a specific spatiotemporal signature for the regulation of axon outgrowth directionality. Spatially restricted cAMP modulation is likely to contribute to the specificity of signals regulating axon guidance, limiting cross-talk with the wide range of other cAMP-regulated cellular processes (Fig. 8) . Temporal features of cAMP are also crucial for the regulation of axon pathfinding by cAMP 18, 33, 45, 46 . Imposing a sustained low cAMP concentration leads to the reduction of ephrin-A-induced axon retraction in vitro and ectopic axonal branches in the SC in vivo 15, 21, 34 . However, a sustained increase of cAMP also induces a similar retraction phenotype and an exuberant arborization of RGC axons 33 , suggesting that the concentration of cAMP does not determine axonal behaviour. In contrast, pulses, rather than sustained cAMP elevation rescue the retraction of RGC axons when it is blocked by the lack of electrical activity 33 . This rescue is not observed when successive steps of increase in cAMP concentration are imposed together with the blockade of phosphodiesterases, preventing cAMP degradation 33 . This suggests that a dynamic modulation of cAMP concentration is required for growth cones to retract when exposed to ephrin-As. The data presented here confirm this model since both ephrin-A5 and the release of bPAC activation by light induces a single step of cAMP reduction. Ephrin-A5 induces a drop in cAMP in growth cones with an unaffected resting concentration of this second messenger. Light-induced activation of bPAC leads to an initial increase of cAMP concentration followed by a drop in cAMP after the end of light exposure. The initial increase in cAMP does not affect axon outgrowth, whereas axons stall or retract after the end of bPAC activation. This is consistent with axon retraction being induced by a drop in cAMP concentration, independently of the resting cAMP level. This is in agreement with the observation that cAMP sponge prevents axon retraction. cAMP sponge might steadily reduce the resting concentration of cAMP. This bottom cAMP level cannot further decrease when axons are exposed to ephrin-A5 and axon retraction is blocked (Supplementary Fig. 7 ). The signalling pathway leading to the modulation of cAMP concentration after EphA activation is still unclear. This might include the focal adhesion kinase (FAK)/Src pathway. Indeed, these proteins are crucial for retinal axon response to ephrin-As 47 , and Src family kinases are recruited to EphAs after ephrin-A stimulation 48 . In vitro analysis suggests that Src is able to regulate AC activity through the modulation of both Ga i and Ga s subunits of G proteins 49 . This pathway might be responsible for cAMP modulation by ephrin-As, but further experiments will be needed to assess this potential link.
Local cAMP signals are likely to be the result of restricted targeting of ACs 50 . In cell lines, transmembrane ACs are sorted in two subcellular compartments based on their modulation by calcium: calcium-regulated ACs (AC1, 3, 5, 6 and 8) are targeted to lipid rafts, whereas the calcium insensitive ACs (AC2, 4, 7 and 9) are excluded from lipid rafts 11 . In non-neuronal cells, the soluble AC (sAC, AC10), are targeted to the subcellular compartments including mitochondria, the nucleus and the centrosome 51, 52 . AC1 is involved in the regulation of ephrin-Ainduced axonal retraction but does not modulate axon outgrowth 15 . All other transmembrane ACs are also unable to favour axonal elongation 35 . In contrast, sAC regulates intrinsic and netrin-1-stimulated axon outgrowth 35, 53 and is not involved in netrin-1-dependent axon guidance 54 . This is in agreement with our findings that define the AC1-containing lipid raft domains as a critical cAMP signalling compartment for axon guidance but not outgrowth. The latter may be regulated by sAC and cAMP signals located near the sites of sAC targeting 55 . The non-lipid raft fraction of the plasma membrane appears to constitute a third cAMP signalling compartment that has untill now no identified role in regulating the development of neuronal connectivity. Among the transmembrane ACs excluded from lipid rafts, AC2 and AC9 are expressed in developing RGCs 23 . The involvement of these AC subtypes in the development of retinal projections has not been directly assessed. Since the blockade of cAMP in the vicinity of the non-raft fraction of the plasma membrane does not affect the response of RGC axons to ephrin-As and the branching pattern in the SC, it seems unlikely that AC2 and AC9 contribute to the development of retinofugal projections. In a wide range of cellular models, the control of local cAMP signals is dependent on specific subtypes of phosphodiesterases. In cell lines, phosphodiesterases contribute to local cAMP signalling in lipid rafts 12 . In cardiac myocytes and cortical pyramidal neurons, they are critical for independent activation of distinct cAMP-dependent pathways triggered by b1 or b2 adrenergic receptors 56, 57 . The precise cellular targeting of phosphodiesterases relies on their binding to A kinase anchoring proteins (AKAPs) 58 . The lipid raft residency of a subset of AKAPs has been evaluated and AKAP79 has been found in this membrane subdomain 59 . Which phosphodiesterases and AKAPs are involved in RGC axon guidance and targeting remains to be investigated, and would provide a better understanding of the downstream pathways involved.
Methods
Animals. Pregnant C57BL6/J mice were purchased from Janvier. All animal procedures were performed in accordance with institutional guidelines (Université Pierre et Marie Curie, Comité Charles Darwin, Institut National de la Santé et de la Recherche Médicale). Animals were housed under 12 h light/12 h dark cycle. Embryos from dated mating (developmental stage stated in each section describing individual experiments) were not sexed during the experiments and the female over male ratio is expected to be close to 1.
Chemicals and cell lines. Ephrin-A5 was purchased from R&D and dissolved in water at 1 mg ml À 1 stock concentration and further diluted at a final concentration of 500 ng ml À 1 in the recording medium. Forskolin (Sigma Aldrich) was dissolved in DMSO at 10 mM concentration and further diluted in the recording medium at 25 mM. IBMX (Sigma Aldrich) was dissolved in DMSO to a 100 mM concentration and further diluted at 100 mM in the recording medium.
HEK293 cells (from ATCC, not authenticated, not tested for mycoplasma contamination) were used to validate the plasma membrane localization of Lyn-and Kras-targeted constructs. Although this cell line is commonly misidentified, this did not affect the conclusion drawn using it since similar experiments were reproduced using retinal neurons.
Plasmids. The non-targeted FRET sensor H147 (ref. 29) , cAMP sponge-mCherry and its mutant that does not bind cAMP 30 were used to generate the subcellularly restricted variants. All constructs used were subcloned into a pCX backbone 60 and targeting to lipid rafts was achieved using a double-Lyn sequence (ATGGGCTGCATCAAGAGCAAGCGCAAGGACAAGATGGGCTGCATCAAG AGCAAGCGCAAGGACAAG) at the 5 0 of the coding region of the cAMP sponge (using EcoRV-KpnI restriction sites), obtaining a Lyn-cAMP sponge. Targeting outside of lipid rafts was achieved using a Kras targeting sequence (AAGAAGAAGAAGAAGAAGAGCAAGACCAAGTGCGTGATCATG) at the 3 0 end of the constructs. In the cAMP sponge-Kras, the mCherry tag was replaced by monomeric red fluorescent protein (mRFP), because of mCherry toxicity when combined with the Kras targeting sequence.
Membrane fractionation by detergent-free method. Electroporated retinas were pelleted (195g for 5 min at 4°C) and resuspended in 1.34 ml of 0.5 M sodium carbonate, pH 11.5, with protease inhibitor cocktail and phosphatase inhibitor cocktail 1, 2 and 3 (Sigma Aldrich). The homogenate was sheared through a 26-gauge needle and sonicated three times for 20 s bursts. The homogenate was adjusted to 40% sucrose by adding 2.06 ml of 60% sucrose in MES buffered saline (MBS) (25 mM MES, pH 6.4, 150 mM NaCl and 250 mM sodium carbonate), placed under a 5-30% discontinuous sucrose gradient, and centrifuged at 34,000 r.p.m. for 15-18 h at 4°C in a Beckman SW-41Ti rotor. Nine fractions (1.24 ml each) were harvested from the top of the tube mixed with nine volumes of MBS, and centrifuged at 40,000 r.p.m. for 1 h at 4°C (Beckman SW-41Ti rotor). Supernatants were discarded, and membrane pellets were resuspended in 100 ml of 1% SDS.
For immunoblotting, samples were separated on 4-15% Mini-Protean TGX Tris-Glycine-buffer SDS-PAGE (Biorad) and transferred onto 0.2 mm Trans-Blot Turbo nitrocellulose membranes (Biorad). Membranes were blocked for one hour at room temperature in 1 Â TBS (10 mM Tris pH 8.0, 150 mM NaCl) supplemented with 5% (w/v) dried skim milk powder. Primary antibody incubation was carried out overnight at 4°C, with the following antibodies: rabbit anti-GFP (1/200; A11122; Life Technologies; validated for this assay in Vitari et al. 61 ), rabbit anti-DsRed (1/200; 632496; Clontech; validated for this assay in Hinson et al. 62 ), rabbit anti-b-Adaptin (1/200; sc-10762; Santa Cruz; ; validated for this assay in Pagano et al. 63 ) and rabbit anti-Caveolin (1/500; 610060; BD Transduction Laboratories; validated for this assay in Pagano et al. 63 ). A goat anti-rabbit-HRP coupled secondary antibody was used for detection (Jackson ImmunoResearch, West Grove, PA, USA). After antibody incubations, membranes were extensively washed in TBS-T (TBS-containing 2.5% Tween-20). Western blots were visualized using the enhanced chemiluminescence method (ECL prime Western Blotting detection reagent, Amersham).
For lipid raft analysis (CtB staining), retinas were incubated at 37°C for 1 h in serum free medium or serum free medium containing 1 U ml À 1 cholesterol oxidase (Sigma Aldrich C8649) or 400 mU ml À 1 SMase (Sigma Aldrich S8633). After membrane fractionation, 3 ml of each fraction, resuspended in MBS, were dot-blotted on nitrocellulose membrane, dried for 1 h and blocked for 1 h with 3% (w/v) dried skim milk powder at room temperature. The membrane was incubated overnight with HRP-conjugated cholera toxin b-subunit (Sigma Aldrich C3741) and detected with ECL Prime. All gels shown in the figures are provided uncropped in Supplementary Fig. 8 .
Ex vivo electroporation and culture of retinal explants. Mice were killed with CO 2 , and E13.5 embryos were isolated and kept in cold PBS. Embryos were decapitated and DNA was injected subretinally using an elongated borosilicate glass capillary (Harvard Apparatus). All constructs were co-electroporated with GFP subcloned in the same vector. The success of DNA injection was assessed using 0.03% Fast Green added to the DNA solution. The paddles of the electrode (CUY650P5, Sonidel) were placed at the bottom and at the top of the head, respectively 64 . Two poring pulses (square wave, 175 V, 5 ms duration, with 50 ms interval) followed by four transfer pulses (40 V, 50 ms and 950 ms interpulse) were applied. The protocol was repeated with inverted polarities. After electroporation, the retinas were isolated using a 21G needle and kept 24 h in culture medium (DMEM-F12 supplemented with 1mM glutamine (Sigma Aldrich), 1% penicillin/ streptomicin (Sigma Aldrich), 0.01% BSA (Sigma Aldrich), 0.07% glucose), in a humidified incubator at 37°C and 5% CO 2 . Non-electroporated retinas were isolated at E14.5. Retinas were cut into 200 mm squares and explants were plated on glass coverslips coated with 100 mg ml À 1 poly-L-lysine (Sigma Aldrich) overnight at 37°C and 20 mg ml À 1 Laminin (Sigma Aldrich) for 3 h at 37°C. Cells were cultured for 24 h in culture medium supplemented with 0.4% methyl cellulose and B27.
Collapse assay. After 24 h of plating retinal explants, ephrin-A5 (500 ng ml À 1 ) 15 was added to the medium and the culture was fixed 1 h later, and immunolabeled with a mouse anti a-tubulin (1/1000; T6199; Sigma; validated for this assay in Nicol et al. 33 ) and a phalloidin staining (Life Technologies). The retraction course was measured as the length of the trailing process, identified as the longest filopodia distal to the retraction bulb. SMase (400 mU ml À 1 ) 63 and cholesterol oxidase (2 U ml À 1 ) 3 were applied 90 and 120 min, respectively, before ephrin-A5 exposure and retinal explants were incubated at 37°C.
Retraction assay. Imaging was performed using an inverted DMI6000B Leica microscope, with a 40 Â objective. Recording medium was replaced with a laminar flux. Temperature was kept at 37°C during the whole recording. Retraction assays were performed by bathing the cells in a medium containing: 1 mM CaCl 2 , 0.3 mM MgCl 2 , 0.5 mM Na 2 HPO 4 , 0.5 mM NaH 2 PO 4 , 0.4 mM MgSO 4 , 4.25 mM KCl, 14 mM NaHCO 3 , 120 mM NaCl, 0.0004% CuSO 4 , 1.24 mM Fe (NO 3 ) 3 , 1.5 mM FeSO 4 , 1.5 mM thymidine, 0.51 mM lipoic acid, 1.5 mM ZnSO 4 , 0.5 mM sodium pyruvate, 1 Â MEM Amino Acids, 1 Â non-essential amino acids, 25 mM Hepes, 0.5 mM putrescine, 0.01% BSA, 0.46% glucose, 1 mM glutamine, 2% penicillin streptomicin. Vitamin B12 and riboflavin were omitted because of their autofluorescence. DIC images were acquired using a CCD camera (ORCA-D2, Hamamatsu). Cells were imaged every 2 min for up to 90 min. Solution was perfused at a speed of 0.2 ml min À 1 . Cells were bathed in control medium for 30 min to measure the growth rate and eliminate immobile growth cones from the analysis. A single fluorescent image was acquired before acquisition of identified electroporated axons. Only axons that grew faster than 60 mm h À 1 were included in the analysis. After 30 min, the culture medium was replaced by a medium containing ephrin-A5 (500 ng ml À 1 ) and axons were imaged for 1 h. Axon trajectories were tracked using a manual tracking plugin for ImageJ (NIH) and the speed of axon outgrowth or retraction was computed.
FRET imaging and data analysis. Images were taken every 30 s (every 20 s for Supplementary Fig. 4 ) for 30 min with the same experimental setup, using an oil immersion 63 Â objective (1.40 NA). A CFP filter (436/20 nm) was used for excitation and emission was collected using the optical block of the dual CCD camera ORCA-D2 (CFP: 483/32 nm, YFP: 542/27 nm). Metamorph was used to collect images. Post-acquisition analysis was performed using ImageJ (NIH). Images were background corrected. CFP bleedthrough into the YFP channel was calculated in experiments using cells expressing only CFP. Experiments conducted with cells expressing only CFP measured a bleedthrough of 45%. Bleedthrough correction was computed as F FRET ¼ F YFP À 0.45 Â F CFP . A clipping value excluding pixels with remaining background (outside the axon) was applied to images to compute the CFP over FRET ratio. The ratio of all pixels with grey value lower than the clipping value was set to 0. The ratio of the entire growth cone was averaged and normalized to the first value of the trace. Photobleaching was corrected based on the slope of the trace before the first stimulation.
Optogenetics. Retinas were co-electroporated ex vivo with YFP and either Lyn-bPAC or bPAC-Kras. DIC images were acquired every 2 min for 30 min with a 40 Â immersion objective. After monitoring growth for 30 min using a low intensity of transmitted light, axons were stimulated by shining one to five flashes of blue light (100 ms of light exposure per flash, 1 min between flashes). After stimulation, axons were monitored for an additional 60 min, using the low intensity of transmitted light. At the end of each experiment an image was acquired with the YFP and RFP filter to identify bPAC-expressing axons. The number of axons responding to light (either stopping or retracting) was counted and compared with non-expressing axons in the same dish to better compare axons in the same conditions. Stalling axons were identified as those stopping for more than 5 min, while axons were identified as retracting when retreating more than 5 mm during the 60 min following light stimulation.
In utero electroporation. Pregnant wild-type females were anesthetized with isofluorane. Using a glass micropipette (Dutscher), the left eyes of E15.5 embryos were injected with a mix of two DNA constructs: Lyn-cAMP sponge (2.7 mg ml À 1 ) and GFP (1.1 mg ml À 1 ), cAMP sponge-Kras (1.8 mg ml À 1 ) and GFP (1.1 mg ml À 1 ), or Lyn-mutated cAMP sponge (2.7 mg ml À 1 ) and GFP (1.1 mg ml À 1 ). Retinas were electroporated with five pulses of 45 V for 50 ms every 950 ms (Nepagene electroporator). The positive electrode was placed on the injected eye and the negative electrode at the opposite side (CUY650P5, Sonidel) 64, 65 . Sub-cutaneous injections of flunixin-meglumine (4 mg kg À 1 , Sigma) were applied for analgesia after the surgery. To increase the survival of the pups, a Swiss female mated one day earlier than the electroporated mice was used to nurse the pups. At P0, all but three Swiss pups were removed to stimulate nursing.
Immunostaining. At P10, after anaesthesia with pentobarbital (545 mg kg À 1 ), in utero electroporated pups were perfused transcardially with 4% paraformaldehyde (PFA) in 0.12 M phosphate buffer. Brains and eyes were postfixed overnight in 4% PFA. Whole-SC and electroporated retinas were dissected. The retinas were oriented with an incision in the peripheral ventral part. SC and retinas were washed in PBS, permeabilized in 1% Triton for 30 min, blocked in 0.1% Triton 10% horse serum in PBS for 1 h. The SC and retinas were incubated at 4°C for 3 days in antibodies raised against DsRed (1/800, Clonetech California; validated for similar assays in Belle et al. 66 ) and GFP (1/1,000, Aves Lab; validated for similar assays in Muzerelle et al. 67 ) diluted in the blocking solution. Finally, the SC and retinas were washed in PBS three times for 10 min each, incubated at room temperature for 2 h in the secondary antibodies (Alexa 488 Donkey anti-Chicken, 1/200, Invitrogen; and CY3 Donkey anti-rabbit, 1/200, Jackson) diluted in the blocking solution and washed again in PBS 3 times for 10 min. SC and retinas were mounted in mowiol-Dabco. Three additional incisions were performed to flatten the retinas before mounting.
Whole-mount SC imaging and analysis. Whole-mount SC were imaged using a Leica SP5 confocal and a Â 20 objective. Since the signal-to-noise ratio was higher in the GFP channel, electroporated axons were imaged using GFP staining. Co-electroporation with an excess of GFP led most if not all the GFP-positive axons to express the cAMP sponge ( Supplementary Fig. 2 ). Individual axons were manually reconstructed from the anterior SC and through the SC depth using Adobe Photoshop (without reconstructing the terminal arbor) (Supplementary Movie 3). Axons were qualitatively classified in three types: normal (with an elaborated terminal arbor and without ectopic branches along the axon), immature (without a terminal arbor and with ectopic branches along the axon) and abnormal (with an elaborated terminal arbor but with ectopic branches along the axon or remaining caudal branches).
Statistics. No randomization method was used and data were not analyzed blind. Data were presented as mean values ± standard error of the mean. Statistical significance was calculated using two-sided unpaired tests for non-parametric tendencies (Mann-Whitney or Kruskal-Wallis) or a w 2 test for axonal arbors comparison in vivo and the count bPAC-expressing axons stalling or retracting in response to light. This enables to avoid to test for distribution normality. Differences were considered statistically significant when Po0.05 (with additional Bonferroni adjustment for multiple comparisons). Statistical test data were as follows: Figure 1d , Mann-Whitney, Po0.0001, U ¼ 38287. Figure 5e comparison with GFP-expressing axons 60 min after ephrin-A5 application; Kruskal-Wallis P ¼ 0.0051, df ¼ 3, w 2 ¼ 12.78; Dunn's post-hoc test, Lyn-cAMP sponge P ¼ 0.0011, mean rank difference ¼ -28.01; cAMP sponge-Kras P40.99, mean rank difference ¼ À 5.61; Lyn-mutated cAMP sponge P40.99, mean rank difference ¼ À 7.96. Figure 6g , Kruskal-Wallis P ¼ 0.029, df ¼ 3, w 2 ¼ 9.00; Dunn's post-hoc test, Lyn-bPAC P ¼ 0.0094, mean rank difference ¼ 14; bPAC-Kras P ¼ 0.50, mean rank difference ¼ À 2.5; Lyn-bPAC without light P40.99, mean rank difference ¼ À 0.86. Post-hoc statistical power was computed using G*Power (a ¼ 0.05). Effect size and statistical power: Fig. 1d Data availability. The authors declare that all data supporting the findings of this study are available within the article and its Supplementary information files or from the corresponding author upon reasonable request.
